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We have investigated the influence of the interface quality on the spin Seebeck effect (SSE) of the bilayer
system yttrium iron garnet (YIG)− platinum (Pt). The magnitude and shape of the SSE is strongly influenced
by mechanical treatment of the YIG single crystal surface. We observe that the saturation magnetic field
(HSSEsat ) for the SSE signal increases from 55.3 mT to 72.8 mT with mechanical treatment. The change in
the magnitude of HSSEsat can be attributed to the presence of a perpendicular magnetic anisotropy due to the
treatment induced surface strain or shape anisotropy in the Pt/YIG system. Our results show that the SSE
is a powerful tool to investigate magnetic anisotropy at the interface.
I. INTRODUCTION
The discovery of the spin Seebeck effect (SSE)1 in
insulators triggered the modern era of the field of
spin caloritronics2. In insulators, instead of moving
charges, only spin excitations (magnons) drive the non-
equilibrium spin currents. In the spin Seebeck effect, spin
currents are thermally excited in a ferromagnet FM and
detected in a normal metal NM deposited on the FM. The
bilayer NM/FM system in the SSE provides the oppor-
tunity to separately tune the properties of both layers to
optimize the magnitude and magnetic field dependence
of the SSE effect. The platinum (Pt) and yttrium iron
garnet (YIG) bilayer system has attracted considerable
attention for studying the spin Seebeck effect1,3–5 and
for other spin dependent transport experiments1,6–13.
Platinum (Pt) has a large inverse spin Hall response14
whereas YIG is an ideal ferromagnetic insulator due to
low magnetic damping2,6,15 and a large band gap16 at
room temperature.
The origin of the spin Seebeck effect is commonly ex-
plained by the difference in the magnon temperature
in the FM and the phonon temperature in the NM,
∆Tmp
17,18. When the temperature gradient ∇T is ap-
plied across the NM/FM system, it creates a ∆Tmp based
on the thermal conductivities of the magnon and the
phonon subsystems17. This ∆Tmp induces a spin cur-
rent density at the interface which is detected in the nor-
mal metal Pt by the inverse spin Hall effect (ISHE). The
ISHE signal depends on a scaling parameter, the interfa-
cial SSE coefficient Ls, related to how efficiently the spin
current density can be created across the interface under
a certain ∆Tmp. The resulting spin Seebeck signal scales
linearly with the length of the NM (lPt), therefore for the
Pt/YIG system
VISHE ∝ lPt . Ls . ∇T (1)
The scaling parameter Ls is proportional to the real
part of the spin mixing conductance g↑↓r at the inter-
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face. The spin mixing conductance g↑↓r and therefore the
SSE are very sensitive to the interface quality19. In re-
cent years substantial effort has been made to improve
the spin mixing conductance on thin films of YIG19,20
and bulk crystals16,21. Unlike thin films, bulk crystals
need an extra surface polishing step for the device fab-
rication, due to the initial surface roughness. The pol-
ishing of the crystal surface can influence the spin mix-
ing conductance in several ways. Apart from changing
the surface roughness, mechanical polishing can change
the magnetic structures at the interface by inducing a
small perpendicular anisotropy at the surface layer of the
YIG crystal22–24. However, the effect of polishing on the
spin Seebeck effect (SSE) has not yet been systematically
studied. In this paper, we report the effect of mechan-
ical surface treatment of the YIG single crystals on the
SSE effect. This systematic study reveals the surface
sensitivity of the SSE and indicates new ways of surface
modification for improved thermoelectric efficiency.
II. EXPERIMENTAL TECHNIQUE
In this study, we use the longitudinal configuration3
for the spin Seebeck effect where the temperature gradi-
ent is applied across a NM/FM interface and parallel to
the spin current direction Js. In Fig. 1(a), we illustrate
schematically the device configuration for measuring the
SSE used in this study. The sample consists of a sin-
gle crystal YIG slab and a Pt film sputtered on a (111)
surface of the YIG crystal. When an out-of-plane (along
z-axis) temperature gradient is applied to the Pt/YIG
stack, spin waves are thermally excited. The spin waves
inject a spin current along the z-axis and polarize the
spins in the Pt film close to the interface parallel to
the magnetization of the YIG crystal, as illustrated in
Fig. 1(b). Due to the strong spin-orbit coupling in the Pt-
film, the spin polarization σ is converted to an electrical
voltage VISHE. The single crystals of YIG with the same
purity were used in all measurements. The YIG crystals
were grown by the floating zone method along the (111)
direction and commercially available from Crystal Sys-
tems Corporation company, Hokuto, Yamanashi Japan .
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FIG. 1. (a) Device configuration of the longitudinal SSE
where ∇T represents the temperature gradient across the
Pt/YIG system. (b) Detection of spin current by the ISHE.
The orange arrows indicate the spin polarization σ at the in-
terface of the Pt/YIG system. M, JS and EISHE represent the
magnetization of YIG, spatial direction of the thermally gen-
erated spin current, and electric field induced by the ISHE,
respectively. θ represents the angle between the external mag-
netic field H in the x-y plane and the x axis. (c) AFM height
image of a single crystal YIG surface (20 x 20 µm2) for sample
S1. (d) a comparison between the magnetic field dependence
of VISHE at ∆T = 3.6 K for sample S1 and the magnetization
M of the YIG crystal.
A diamond saw was used to cut the crystals. The YIG
crystals were cleaned ultrasonically first in acetone and
then ethanol baths.
Three different types of surfaces were prepared for sam-
ples S1 - S3 by the following treatments:
• For S1: the YIG crystals were grinded with abrasive
grinding papers (SiC P1200 - SiC P4000) at 150 rpm
for 1h. After grinding, diamond particles were used
with a sequence of 9 µm, 3 µm and 1 µm at 300 rpm for
30 mins, respectively. To remove the surface strain or
surface damage due to diamond particles22–24, colloidal
silica OPS (oxide polishing suspension) with a particle
size of 40 nm was used, which can give mechanical as
well as chemical polishing. To remove the residuals of
polishing particles, samples were heated at 200 ◦C for
1h at ambient conditions. Then crystals were cleaned
by acetone and ethanol in an ultrasonics bath before
depositing the Pt layer on top.
• For S2: grinding, polishing and cleaning of the samples
were done in the same way as described for S1. How-
ever, the colloidal silica OPS was not used for sample
S2. Thus, the strained or damaged surface layer due
to diamond polishing was retained.
• For S3: no mechanical polishing was done to obtain flat
surfaces as done for samples S1 and S2. After cleaning
in the same way as done for samples S1 and S2, Pt was
deposited on the unpolished YIG crystal surface.
TABLE I. Surface treatment, surface roughness, and orienta-
tion of the YIG crystals for different samples.
Samples Polishing Roughness Orientation
S1 Silica < 3 nm (111)
S2 diamond ≥ 12 nm (111)
S3 no > 300 nm (111)
The surface treatments are summarized in Table I. The
measurements of the spin Seebeck effect (SSE) were per-
formed in the following way. The samples were magne-
tized in the xy plane of the YIG crystal by an external
magnetic field H, as shown in Fig. 1. To excite the spin
waves an external heater generates a temperature gradi-
ent ∇T across the Pt/YIG stack where the temperature
of heat sink is denoted as T. The thickness of the YIG
(Pt bar) is 3 mm (15 nm) for all samples. Regarding
the lateral dimension of the Pt bar, the length (width)
varies from 5 mm-3 mm (2.5-1.5) with all samples having
ratios 2:1. The surface of the YIG crystals was analyzed
by atomic force microscopy (AFM) before deposition of
the Pt film on top. The observed spin Seebeck signals
show a small offset which we removed. The field at which
95% of the SSE signal saturates is defined as HSSEsat . The
magnetization M of the YIG crystal with a dimension of
2 mm x 1 mm was measured with a SQUID magnetome-
ter.
III. RESULTS AND DISCUSSION
Fig. 1(c) shows the AFM height image of sample S1
with a surface roughness smaller than 3 nm. A distinct
VISHE signal appears and saturates around ∼ 55.3 mT,
which is close to the field required to saturate the mag-
netization of the YIG crystal, as illustrated in Fig. 1(d).
Similarly, the YIG surface of sample S2 was analyzed
by AFM. Fig. 2(a) shows that sample S2 has a surface
roughness around ∼ 12 nm with strip-like trenches at
the surface. A clear spin Seebeck response has been ob-
served for sample S2 by changing the applied magnetic
field H. The signal saturates at relatively higher values
of H (∼ 66.1 mT) compared to the magnetization of YIG
as shown in Fig. 2b. In addition, we checked the mag-
netic field dependence of the spin Seebeck response at
low-temperatures for sample S2, the temperature depen-
dence of the HSSEsat is given in Fig. 2(c). As the YIG
crystal is a 3D isotropic ferrimagnet, the temperature
dependence of the magnetic order parameter obeys a T 2
universality scaling25. To understand the temperature
dependence of HSSEsat , we fitted H
SSE
sat at low tempera-
tures by assuming Tc = 553 K as shown in the inset of
Fig. 2(c). The temperature dependence of HSSEsat closely
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FIG. 2. (a) AFM height image of a single crystal YIG surface
for sample S2 (20 x 20 µm2). (b) Comparison between the
H dependence of VISHE at ∆T = 3.6 K in sample S2 and
the magnetization M of the YIG crystal. (c) Temperature
dependence of HSSEsat . The inset shows H
SSE
sat as a function
of T ε where ε = 2. (d) VISHE as a function of the external
magnetic field direction θ in the Pt/YIG system at a fixed
magnetic field 80 mT.
obeys the T 2 universality behavior of the order parame-
ter of the YIG crystal with exponent ε = 2. It suggests
that the HSSEsat directly depends on the order parameter
of the YIG crystal. To confirm further the origin of the
observed signal, H is rotated in the x-y plane. The VISHE
signal follows the expected sinusoidal dependence for a
spin Seebeck signal, as shown in Fig. 2(d).
Unlike the samples S1 and S2, sample S3 has a very
large surface roughness (> 300 nm) as shown in Fig. 3(a).
Nevertheless, a clear spin Seebeck signal was observed as
shown in Fig 3(b).
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FIG. 3. (a) AFM height image of the YIG surface for sam-
ple S3 (20 x 20 µm2) and (b) a comparison between the H
dependence of VISHE at ∆T = 7.5 K in sample S3 and the
magnetization M of the YIG crystal.
From equation 1, it follows that the inverse spin Hall
voltage VISHE is proportional to the applied temperature
gradient ∇T and the length of the Pt bar lPt. VISHE
increases by reducing the thickness of the Pt film tPt,
for both the spin pumping26 and the SSE27 experiments.
Therefore to compare samples with different Pt thickness
we can define a parameter C as follows26–28:
C =
1
tanh[
tPt
2λPt
] ρPt
lPt
tPt
VISHE
∇T (2)
Here, ∇T is defined as the temperature difference
across the Pt/YIG stack normalized with the thickness
of the YIG crystal, ρPt is the resistivity of Pt and λPt
is the spin diffusion length of Pt. In these experiments,
unlike ρPt, λPt cannot be measured directly therefore
we assumed that it remains constant for different sam-
ples. Note that for all samples discussed here tPt > 2 λPt
(where λPt = 1.5 nm
12,13) so the tanh[
tPt
2λPt
] term is ap-
proximately equal to 1 leading to VISHE ∝ 1/tPt. More-
over, the C parameter is independent of the YIG thick-
ness when the thickness is larger than the magnon mean
free path and therefore it can be used as an indicator
of changes in other parameters related to the interfacial
mechanisms of the SSE.
TABLE II. Comparison of the resistance R of the Pt film,
the C parameter and the HSSEsat for the SSE response in bulk
single crystals and thin films
Bulk crystals Thin films
S1 S2 S3 Ref.3 Ref.13
R (Ω) 33.8 52.2 119 - -
C (10−8V Ω−1 K−1) 0.917 1.369 0.043 0.554 1.105
HSSEsat (mT) 55.3 66.1 72.8 40 2.5
The resistance of the Pt film varies for the samples
S1-S3, nevertheless all samples have similar resistance
within an order of magnitude as shown in Table II. The
observed change in the resistance is correlated with the
roughness of the crystals, although we do not observe
the same scaling for the SSE response. For example, the
resistance of sample S2 is 50% higher than sample S1
whereas the SSE signal for sample S2 is only 30% higher
than sample S1. Furthermore the resistance of sample
S3 is almost four times bigger than sample S1, however
the SSE response actually follows the opposite trend, it
is actually more than an order of magnitude lower than
the response of the samples S1 and S2. Therefore, we
establish that the dominant mechanism relevant for the
observed differences in the SSE signal is not the resistiv-
ity of the NM films but the quality of the NM/FM inter-
face. Sample S1 gives a C parameter that is comparable
to the value reported for thin films and bulk crystals as
shown in Table II. However, sample S2 shows 30% bigger
and sample S3 shows more than an order of magnitude
smaller value of the C parameter than sample S1. The
observed variation in the value of the C parameter in-
dicates the importance of mechanical treatment induced
surface effects that we will discuss below.
Based on the experimental conditions listed in Table I
and the results summarised in Table II, we propose a
4possible mechanism for our observations. Fig. 4(a-c)
schematically illustrates possible interface morphologies
and the surface magnetization for the NM/FM system,
for different interface conditions between the NM film
and the FM crystal. Fig. 4(a) represents the case for
a NM film deposited on an atomically flat FM crystal.
Here, the case for sample S1 corresponds to Fig. 4(a).
Fig. 4(b) depicts a situation for a NM deposited on a flat
FM crystal but having a small perpendicular anisotropy
at the surface. The situation represented in Fig. 4(b)
corresponds to the case for sample S2. The surface of
the YIG crystal for sample S2 contains trenches due to
polishing of the YIG crystal with coarse diamond parti-
cles as shown in Fig. 2(a). The trenches at the interface
can induce strain or shape anisotropy resulting in a per-
pendicular anisotropy at the interface. The presence of
a small perpendicular anisotropy at the interface would
increase the HSSEsat compared to the bulk magnetization
of the YIG crystal, which has been clearly observed for
sample S2 (see Fig. 2(b)).
In addition, the magnitude of the SSE signal can also
change if the mechanical polishing changes the atomic
termination for the density of Fe atoms that are in direct
contact with the Pt metal. If the density of Fe atoms at
the surface is larger than the bulk of the YIG, the ob-
served SSE signal would be larger16,21. The increase in
the SSE signal for sample S2 compared to sample S1 can
be attributed to different chemical termination due to
polishing with coarse diamond particles. Fig. 4(c) shows
the case for a rough interface between the NM and the
FM crystal which corresponds to the situation for sample
S3. In case of sample S3, the lack of further mechanical
treatment after cutting with a diamond saw leaves a very
rough surface of the YIG crystal. The HSSEsat is around
72.8 mT for sample S3 as shown in Fig. 3(b). The in-
crease in the value of HSSEsat for sample S3 compared to
the magnetization of YIG can be due to a non-uniform
magnetization at the interface resulting from high surface
roughness of the YIG crystal.
Fig. 4(d) gives a comparison of the magnitude of the
SSE signal in terms of the C parameter (as defined in
equation 2) for samples with different mechanical treat-
ments. The observed signal for sample S3 is smallest
compared to other samples. This can be explained due
to the increase of surface roughness7,16 resulting in the
small spin mixing conductance at the interface. The sam-
ple S1 has the lowest surface roughness, however the SSE
signal observed for sample S2 is the largest compared to
the samples S1 and S3 as shown in Fig. 4(d). Therefore,
for the largest roughness of sample S3 we see a relation
between roughness and the SSE signal, but not for the
samples S1 and S2. Hence, the roughness is not the only
parameter and this might be related to the more abra-
sive nature of the diamond particles leaving a different
chemical termination at the interface.
To compare the line profile of the VISHE signal, in
Fig. 4(e) the signals are normalized by their value at H
= 90 mT, where they reach saturation. Fig. 4(e) shows
(d)(a)
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M
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FIG. 4. (a-c) A schematic illustration of the interface mor-
phologies of the NM/FM system for different surface treat-
ments of the FM where orange arrows represent ∇T : (a) An
atomically flat interface, (b) an interface with a perpendic-
ular anisotropy and (c) a rough interface. (d) Comparison
between the magnitude of the C parameter and (e) compari-
son between the line profile of the SSE signal as a function of
H for all samples.
that the line profile of the SSE signal changes with mov-
ing from soft silica to coarse diamond particle polishing.
For the samples S1 and S2 the VISHE is very small at zero
applied field compared to the value measured at 90 mT.
However, for sample S3 the VISHE is almost 64% of the
value measured at H = 90 mT. The value of HSSEsat is high-
est for sample S3 with the largest surface roughness and
lowest for sample S1 with the smallest surface roughness.
Therefore, the HSSEsat directly correlates with the rough-
ness of sample. The large deviation in the magnitude of
SSE signal and the HSSEsat in the YIG crystals with differ-
ent surface treatments emphasizes the surface sensitivity
of the spin Seebeck effect. Our results indicate that not
only the surface roughness but actual atomic structures
and chemical termination at the interface also play an
important role in the SSE.
IV. CONCLUSIONS
In conclusion, we have shown a strong dependence of
the spin Seebeck signal on the interface condition of the
Pt/YIG bilayer system. We observed a change of 18 mT
in the saturation field of the SSE signal by changing the
type of polishing. Furthermore we observe the change
in the magnitude of the SSE signal for different samples.
No definite relation has been found between the SSE re-
sponse and the sample roughness. However, we observe
a direct correlation between the HSSEsat and the roughness
of sample, as the former increases by moving from soft
toward coarse particle polishing. To understand the ori-
gin of the magnitude and change in the saturation field
HSSEsat for the observed SSE signal, due to different types
of surface treatments, the crystal surfaces need to be in-
5vestigated further in detail.
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